Protein malnutrition is one of the most serious nutritional problems worldwide, affecting 794 million people and costing up to $3.5 trillion annually in the global economy. Protein malnutrition primarily affects children, the elderly, and hospitalized patients. Different degrees of protein deficiency lead to a broad spectrum of signs and symptoms of protein malnutrition, especially in organs in which the hematopoietic system is characterized by a high rate of protein turnover and, consequently, a high rate of protein renewal and cellular proliferation. Here, the current scientific information about protein malnutrition and its effects on the hematopoietic process is reviewed. The production of hematopoietic cells is described, with special attention given to the hematopoietic microenvironment and the development of stem cells. Advances in the study of hematopoiesis in protein malnutrition are also summarized. Studies of protein malnutrition in vitro, in animal models, and in humans demonstrate several alterations that impair hematopoiesis, such as structural changes in the extracellular matrix, the hematopoietic stem cell niche, the spleen, the thymus, and bone marrow stromal cells; changes in mesenchymal and hematopoietic stem cells; increased autophagy; G0/G1 cell-cycle arrest of progenitor hematopoietic cells; and functional alterations in leukocytes. Structural and cellular changes of the hematopoietic microenvironment in protein malnutrition contribute to bone marrow atrophy and nonestablishment of hematopoietic stem cells, resulting in impaired homeostasis and an impaired immune response.
INTRODUCTION
Malnutrition can be characterized as the state of being undernourished. It may be caused by the deficiency of one or more nutrients or an excess of nutrients. In this review, malnutrition refers to the state of undernutrition. Malnutrition is an abnormal physiological condition caused by the inadequate or imbalanced intake of macronutrients (carbohydrates, proteins, and fats) and micronutrients (vitamins and minerals) that are essential for growth and physical and cognitive development. 1 The severity of malnutrition depends on factors such as the cause, intensity, and duration of the lack of nutrients. Malnutrition can result from a poor diet or from malabsorption, insufficient intake, increased utilization, or excessive excretion of nutrients, and thus various forms of malnutrition (energy, protein, or micronutrients) can be present in the same individual. 2 According to data from the Food and Agriculture Organization, 1 there were about 930 million malnourished people worldwide in 2002. This number dropped to 794 million in 2015, indicating a downward trend. Nevertheless, malnourishment is a significant health and economic burden worldwide, with the estimated cost of malnutrition in the global economy reaching 3.5 trillion dollars annually. 3 Of the different types of malnutrition, protein restriction is noteworthy because it can modify physiological responses and induce cellular disturbances, especially in tissues with a high rate of protein turnover and, consequently, a high rate of cellular renewal and proliferation, such as the hematopoietic system. Protein malnutrition results from insufficient protein ingestion. The lack of protein can disrupt diverse metabolic processes. 4 Protein malnutrition is one of the most serious nutritional problems worldwide, found more frequently in children, the elderly, and patients with cancer or chronic diseases and those undergoing chemotherapy. 5 Protein malnutrition causes modifications to the blood tissue, hampering the development and maturation of hematopoietic cells. These changes lead to anemia, leukopenia, and bone marrow hypoplasia. Since blood has a high rate of renewal, the hematopoietic microenvironment requires a large supply of nutrients as well as an organized structure for the proliferation and maturation of mesenchymal and hematopoietic stem cells. 6 Protein malnutrition can disrupt numerous processes in hematopoiesis, causing damage to the hematopoietic niche, the stromal cells, and the extracellular matrix and resulting in cell death in bone marrow. Such alterations lead to changes in leukocyte and erythrocyte production, reducing the immune protection provided by leukocytes, as summarized in Figure 1 .
Although protein malnutrition affects many organs and systems, this review focuses primarily on its detrimental effects on hematopoietic processes, including the production of hematopoietic cells, with special attention given to the hematopoietic microenvironment and stem cell development.
The data in the literature about the effects of protein malnutrition on hematopoiesis are contradictory. Current findings on the effects of protein deprivation in humans are based mainly on data from severely malnourished patients, in whom multiple nutritional deficiencies are present, or from people with chronic systemic diseases, in whom the effects of disease are difficult to differentiate from the effects of protein deficiency. Therefore, it is important to evaluate the hematological alterations resulting from protein malnutrition in a wellestablished model to obtain a global and uniform view of the alterations found.
In this review, studies in animal models that mimic protein deficiencies were included preferentially, but some studies in humans were also included to illustrate certain clinical aspects of protein malnutrition; laboratory studies were included only if variables (eg, humidity, temperature, light/dark cycle, feed intake, protein, and water) were rigorously controlled.
Searches of the main scientific databases, including PubMed, were performed using the following keywords: protein malnutrition, bone marrow, hematopoietic stem cells, erythropoiesis, immune system. Publications that evaluated hematological alterations due to protein malnutrition were selected. The studies in this review highlight the many changes that may occur in protein malnutrition, as summarized in Table 1. 7-47 All references in this review that present experimental models are included in Table 1 .
HEMATOPOIESIS
Hematopoiesis is the process of the formation, maturation, and differentiation of blood cells. Since blood cells have a relatively short life in the circulation, blood is a tissue with a high rate of renewal. The production of these cells depends on a highly specialized bone marrow microenvironment, which regulates the quiescence, differentiation, and self-renewal of hematopoietic stem cells. Hematopoietic stem cells form a rare population of multipotent stem cells, with an estimated frequency of 1 in 10 000 bone marrow cells, which give rise to all hematopoietic lineages. 48 Hematopoietic stem cells reside in the bone marrow microenvironment (in vascular and endosteal Figure 1 Hematological disorders associated with protein malnutrition. The diagram shows the conceptual interrelationship between hematopoiesis and protein malnutrition, highlighting the molecules and processes affected by the reduction in or lack of protein. Abbreviations: E-BFU, erythroid burst-forming units; E-CFU, erythroid colony-forming units; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; mRNA, messenger RNA; NF-KB, nuclear factor jB; PCNA, proliferating cell nuclear antigen; SCF, stem cell factor; TNF-RI, tumor necrosis factor receptor I. niches) and provide essential regulatory signals for the proper maintenance, proliferation, and differentiation of blood cells throughout life. The endosteal niche is characterized by osteoblasts, which are aligned along the bone surface and are active in bone formation, maintenance of the quiescent state, and homing of hematopoietic stem cells. 49 The vascular niche is classically defined as a histological location that is important to the mobilization, proliferation, and differentiation of progenitor cells and mature blood cells. The inflow of blood to supply the necessary oxygen and nutrients for cells to divide and mature occurs via a complex system that includes sinusoids that branch across the medullary cavity. The sinusoids have an open lumen, that allows a slow blood flow as wells as the passage of mature blood cells generated in the bone marrow into the peripheral blood. 50, 51 In recent decades, much has been published about the effects of protein malnutrition on the hematopoietic microenvironment as well as on the production, maturation, and differentiation of blood cells. This review summarizes these data and shows how protein malnutrition alters hematopoiesis.
EFFECT OF PROTEIN MALNUTRITION ON THE EXTRACELLULAR MATRIX AND STROMAL CELLS
Bone marrow stromal cells are responsible for the formation of the extracellular matrix and the production of soluble substances such as cytokines (interleukins [ILs] 3, 6, 7, and 11) and growth factors (granulocytemacrophage colony-stimulating factor [GM-CSF], granulocyte colony-stimulating factor [G-CSF], macrophage colony-stimulating factor [M-CSF], and stem cell 47 Nutrient deprivation Atg7 knockout mice Neurons # Autophagy and neurodegeneration Abbreviations and symbols: a-SMA, a-smooth muscle actin; CFU, colony-forming units; CRP, C-reactive protein; E-BFU, erythroid burstforming units; E-CFU, erythroid colony-forming units; ECM, extracellular matrix; G-CSF, granulocyte colony-stimulating factor; GM-CSF granulocyte macrophage colony-stimulating factor; HPCs, hematopoietic progenitor cells; IFN-c, interferon-c; IL, interleukin; mRNA, messenger RNA; NF-jB, nuclear factor jB; RBC, red blood cells; STAT, signal transducer and activator of transcription; TGF-b1, transforming growth factor-b1; TLR-4, Toll-like receptor 4; TNF-a, tumor necrosis factor-a; TNF-RI, tumor necrosis factor receptor I; TRAF, TNF receptor-associated factor; " increase; # decrease. factor), which regulate hematopoiesis. Insoluble substances such as collagen, fibronectin, laminin, proteoglycans, and glycosaminoglycans, secreted mainly by fibroblasts, are responsible for filling the extracellular spaces. Fibroblasts are responsible for compliance control, migration, and proliferation of different cells by membrane surface proteins such as integrins and selectins. 52 Cells in the bone marrow stroma, such as adipocytes and osteoblasts, originate primarily from mesenchymal stem cells. In addition to macrophages and endothelial cells, the stromal compartment contains fibroblasts, adipocytes, and osteoblasts. These cells are able to regulate hematopoiesis by stimulating the synthesis of the extracellular matrix. [53] [54] [55] The extracellular matrix is composed of different molecules such as collagen, noncollagen proteins (principally fibronectin, laminin, and thrombospondin), and macromomolecules of glycosaminoglycans and proteoglycans. [56] [57] [58] [59] These proteins are present in the bone marrow stroma. The extracellular matrix is essential for providing structural support as well as for assisting in the regulation of the proliferation, migration, and adhesion of hematopoietic cells. 59, 60 Protein-malnourished children exhibit quantitative alterations of the extracellular matrix in the thymus, such as increased levels of fibronectin and laminin. These alterations in extracellular matrix proteins may be associated with the depletion of thymocytes. 20, 21 Protein-malnourished rats show reduced expression of extracellular matrix proteins in the liver; however, the ratio of proteins in tissue showed no significant difference, suggesting that the cause is fatty pervasion with hepatic steatosis. 11 Manojkumar and Kurup 12 observed increased amounts of glycosaminoglycans, such as hyaluronic acid, heparin, chondroitin sulfate, and dermatan sulfate, in the brains of protein-malnourished rats.
Adult mice submitted to a calorie-restricted diet showed decreased gene expression of collagen types I, III, IV, V, and VI in epididymal white adipose tissue. This change can be involved in the reduction of gene expression of collagen regulatory proteins such as Hsp47, which was also found to be reduced in these mice. 13 In rats maintained with 50% maternal diet restriction (including protein, carbohydrates, and fats), quantitative changes in the bone marrow extracellular matrix were observed in the offspring. The aortas of the offspring had increased elastin and glycosaminoglycans and decreased collagen. Such alterations are associated with an adaptive mechanism to increase vascular compliance. 14 In another study of mice aged 21 days or 9 months maintained with maternal diet restriction exhibited increase of elastin and alpha smooth muscle actin in the lung. Furthermore, immunolocalization of the elastin the alveolus was altered and this can is associated with impaired lung function in intrauterine growth retardation rats. 15 In a murine model of protein malnutrition, proteic expression of fibronectin, laminin, and thrombospondin increased in the extracellular matrix of proteinmalnourished mice. 16, 17 Immunohistochemical and ultrastructural characterization of bone marrow has shown increased deposition of fibronectin in the bone marrow of protein-malnourished mice, especially in endosteal/paratrabecular (attachment regions of hematopoietic stem cells) sites, as well as increased laminin deposition. These changes in the extracellular matrix seem to be related to bone marrow hypoplasia in protein-malnourished mice. 18 Adult humans experiencing malnutrition, such as those with anorexia nervosa, exhibit bone marrow hypoplasia characterized by a decrease in hematopoietic cells. In addition, gelatinous structures composed of hyaluronic acid are found in the bone marrow of these patients. These alterations are characteristic of a disorder known as gelatinous bone marrow transformation. 9, 10 Protein-malnourished mice show a significant decrease in the number of bone marrow cells of all degrees of maturation of the granulocytic lineage, which is associated not only with a decrease in the number of erythrocytic progenitor cells but also with a significant increase in the ratio of granulocytic to erythroid cells, indicating bone marrow failure. 18, 19 Bone marrow culture showed a reduction in stromal cellularity over time, as evidenced by a reduction in the number of hematopoietic cells (erythroid, megakaryocytes, and granulocytes), and no changes in the percentages of monocytes/macrophages or hematopoietic stem cells. On the other hand, there was an increase in the percentages of mesenchymal cells, such as adipocytes and osteoblasts, in protein-malnourished mice. Protein malnutrition produces changes in bone marrow cellularity that may lead to alterations in the homeostasis and maintenance of hematopoietic stem cells. 20 In bone marrow cultures, there was a reduction in growth factors such as stem cell factor, GM-CSF, G-CSF, and transforming growth factor b, but not in M-CSF or IL-3. The production of cytokines IL-6, IL-7, IL-9, IL-11, and tumor necrosis factor (TNF)-a was not significantly different in the protein-malnourished mice. 20 In another study, the number of clusters (ie, groups of cells made up of 2-49 cells that originate from a single cell) and colonies (ie, groups of 50 cells or more) and the so-called cobblestone areas throughout bone marrow cultures were significantly smaller in the stroma originating from protein-malnourished mice compared with findings in control mice. 17 The changes found in vitro are the same as those found in vivo, and the changes in the stromal cells due to protein malnutrition could still remain, even in vitro. The structural failure of the hematopoietic microenvironment in protein-malnourished mice may affect interactions between cells and cell signaling. 18 Due of the complexity of the bone marrow stroma, a wide variety of stromal components may be altered under conditions of protein malnutrition, Further studies of interactions between proteoglycans, integrins, metalloproteinases, and cytokines may help clarify these changes and provide guidance for the development of therapies.
EFFECT OF PROTEIN MALNUTRITION ON HEMATOPOIETIC STEM CELLS AND THE HEMATOPOIETIC NICHE
Although much is known about the effects of protein malnutrition on peripheral blood, considerably less is known about the effects of protein deficiency on hematopoietic stem cells and progenitor cells, as few studies have investigated how these cells and cell cycle regulation are affected by nutrient deficiency. A study with Swiss mice submitted to a 4% protein diet showed the effect of protein malnutrition on the cell cycle of bone marrow cells and the percentage of progenitor cells (CD117 þ ). 21 When the malnourished group had lost about 20% to 25% of their original body weight after 14 days, 2 groups of mice were stimulated with 5-fluorouracil. After 10 days, when compared with normal mice, protein-malnourished mice had a higher number of cells in phases G0 and G1 of the cell cycle. Protein malnutrition leads to a reduction in hematopoietic progenitor populations (CD117 þ ) and modulation of cellular development. 21 Protein malnutrition has also been shown to suppress the progression of the cell cycle, mainly by suppressing the proliferation of hematopoietic progenitor cells with the phenotype Lin À Sca-1 þ c-Kit þ . 22 Proteinmalnourished mice showed G0/G1 arrest of hematopoietic progenitor cells but no difference in the rate of hematopoietic stem cell proliferation. The hematopoietic progenitor cells of protein-malnourished mice showed upregulated expression of inhibitory proteins (p21 and p27) but no significant difference in p53 expression and lower expression of relevant proteins involved in cell cycle induction (cyclin E, cyclin D1, proliferating cell nuclear antigen, pRb, Cdk2, Cdk4, and Cdc25a). This indicates that protein malnutrition induces quiescent maintenance of hematopoietic stem cells, which may be of critical importance to prevent exhaustion of the stem cell pool under hematopoietic stress. 22 Classical studies in mice describe 2 populations of hematopoietic stem cells: cells capable of renewing themselves indefinitely (ie, long-term hematopoietic stem cells), and cells that repopulate themselves in the short term (ie, short-term hematopoietic stem cells). Mouse hematopoietic stem cells identified as Thy-1 low Lin À Sca-1 þ were capable of long-term reconstitution of the entire hematopoietic system when transplanted into lethally irradiated mice. 61 The population identified as Thy-1 low Lin À Sca-1 þ was shown to include at least 3 multipotent populations: long-term hematopoietic stem cells, short-term-hematopoietic stem cells, and multipotent progenitor cells. 62 It is unknown whether protein malnutrition affects the number and function these 3 cells populations differently.
The deleterious effects of protein malnutrition on hematopoiesis might be mediated directly, by inhibiting the proliferation of hematopoietic stem cells, or indirectly, by altering the hematopoietic niche. The hematopoietic niche regulates the proliferation and differentiation of hematopoietic stem cells as well as the release of mature hematopoietic cells into the blood. 15, 57 Mesenchymal stem cells are multipotent precursors that give rise to cells of the bone marrow stroma (osteoblasts, adipocytes, fibroblasts, and others) and, consequently, are integrated into the hematopoietic niches. Located close to blood vessels in the bone marrow, the vascular niche supports hematopoietic stem cells residing in proximity to reticular mesenchymal cells that secrete a large amount of CXCL12, a chemokine that promotes maintenance of the hematopoietic stem cell pool. 50 Protein malnutrition impairs the differentiation of mesenchymal stem cells, leading to both increased adipocytes and decreased cytokine production, which contribute to an impaired hematopoietic microenvironment and lead to the bone marrow failure commonly observed in protein malnutrition. As negative regulators of hematopoiesis, the stromal adipocytes compromise the production of growth factors such as GM-CSF and G-CSF. 63 Accordingly, mesenchymal stem cells from proteinmalnourished mice show a decreased production of G-CSF and GM-CSF. 23 Simultaneously published studies showed that osteoblasts play an active role in regulating the size of the hematopoietic stem cell pool in vivo. 49, 63 Long-term hematopoietic stem cells reside in the osteoblast niche in a state of quiescence/self-renewal. Although the main function of the osteoblast niche is to produce a mineralized matrix, osteoblasts also regulate hematopoiesis in the bone marrow by direct interaction with the niche as well as by secreted factors. Many molecules, such as angiopoietin-1, Kit ligand, chemokine ligand 12, thrombopoietin, Wnt, Jagged1, osteopontin, and N-cadherin, are known to be involved in the niche regulation of hematopoietic stem cells in bone marrow. 64 With regard to bone homeostasis, insufficient protein intake impairs bone formation and bone quality. 65 When the specific influence of casein as the unique protein source in adult rodents was investigated, a diet containing 2.5% energy as protein reduced osteoblast recruitment and activity and resulted in a consequent decrease in bone formation when compared with an isocaloric diet containing 15% to 20% energy. 24 Protein restriction is also associated with the inhibition of insulin-like growth factor 1, an anabolic factor that promotes bone and muscle growth. 22 The oxygen concentration in the bone marrow microenvironment varies in relation to the local bone marrow perfusion. The lower concentration of oxygen in the endosteal niche has been implicated as a positive modulator of the quiescent state of hematopoietic stem cells and seems to diminish the effects of cytokines, indicating that the oxygen concentration may also be considered a regulator of hematopoiesis. 51 Evidently, the perivascular niche has a higher concentration of oxygen, However, little is known about the influence of protein malnutrition on the oxygen concentration in bone marrow niches or on changes in the perivascular niche. However, the mechanistic importance of these 2 niches for hematopoietic stem cells in proteinmalnourished mice is still unclear. Consistent with the notion that osteoblasts play a pivotal role in hematopoiesis, it has been shown that osteoblasts produce multiple factors indispensable for the survival, renewal, and maturation of hematopoietic stem cells. These cells support stem cell survival as well as the proliferation, maintenance, and creation of a stem cell niche. 65 It is possible that protein malnutrition could modify bone microarchitecture and impair the interaction between the osteoblastic niche and long-term hematopoietic stem cells.
Little is known about the effects of protein malnutrition on bone marrow niches in humans. The influence of malnutrition on bone marrow changes could be important, especially in bone marrow transplantation. Patients who undergo bone marrow transplantation are at high risk of developing malnutrition. 66 During bone marrow transplantation, patients tend to experience nausea, vomiting, poor appetite, graft-vs-host disease, decreased nutrient absorption, and a loss of nutrients from the gut, especially amino acids. Successful engraftment of transplanted stem cells depends on the number of stem cells and the integrity of the bone marrow microenvironment.
In summary, the deleterious effects of protein malnutrition on hematopoiesis might be mediated directly, by the inhibition of hematopoietic stem cell proliferation, or indirectly, by cellular mechanisms of bone marrow cell autophagy, modifications of the extracellular matrix, or alterations of the endosteal and/or vascular niche. Furthermore, considering the pleiotropic effects of protein deficiency and the high turnover of bone marrow tissue, it is also likely that the effects of protein malnutrition on hematopoiesis are due to a combination of these mechanisms.
EFFECT OF PROTEIN MALNUTRITION ON LEUKOCYTES
Protein malnutrition is associated with frequent susceptibility to infection and high mortality indices. It causes serious atrophic changes in lymphohematopoietic organs, profoundly altering the cellular immune response. Data on the complex regulation of hematopoietic cell production and the hematopoietic microenvironment are scarce but indicate that protein malnutrition is correlated with a compromised immune response. 6 The immune system is composed of many cell types and is highly integrated with other tissues such as hematopoietic tissue. As a result, the mechanisms underlying the inefficient hematopoiesis and subsequent immune suppression associated with protein malnutrition are far from being completely understood, which limits the ability of healthcare providers to deliver optimal care to patients with protein malnutrition. 42, 67 The lack of nutrients such as protein impairs a plethora of biological processes, including leukopoiesis. Decreased leukopoiesis compromises the formation of a rapid and tailored immune response and leads to leukopenia. Leukopenia is characterized not only by a decrease in the leukocyte count but also by impaired processes carried out by leukocytes. Bone marrow hypoplasia and the decreased production of regulatory factors such as M-CSF and GM-CSF are associated with reduced production of immune cells, leading to the immunosuppression commonly found in proteinmalnourished individuals. 23, 25, 27, 28, 62, 65, 68 Leukopenia, often associated with malnutrition, predisposes an individual to infection by establishing a malnutrition-infection relationship in which the poor nutritional status disrupts leukopoiesis. The resulting decreased leukopoiesis worsens the nutritional status by creating a higher nutrient requirement to support the production of cells. 67 In protein-malnourished individuals, the innate immune response mediated by macrophages is weakened, primarily due to reduced numbers of macrophages in the peritoneal cavity. Protein-malnourished individuals are also frequently reported to have reduced lymphocyte counts, reinforcing the concept that the lack of nutrients disrupts the production of hematopoietic cells and hinders the replenishment of leukocytes in tissues. [27] [28] [29] Furthermore, the lack of nutrients, especially protein, disrupts numerous macrophage functions, including phagocytosis, antifungal activity, and activation, adhesion, and spreading of macrophages. 27, 30 A reduction in reactive oxygen and nitrogen species is also observed in protein-malnourished individuals. [30] [31] [32] [33] Thus, protein malnutrition undermines significant macrophage functions, resulting in the immune defects observed in protein-malnourished.
The expression of proinflammatory cytokines requires the activation of transcription factors such as nuclear factor jB (NF-jB), which in turn is activated by extracellular signals through cell receptors. One of the most frequently described receptors that recognizes patterns in pathogens is Toll-like receptor 4, which recognizes lipopolysaccharides present in gram-negative bacteria. Upon stimulation, Toll-like receptor 4 activates an MyD88 (myeloid differentiation primary response gene 88)-dependent signaling pathway, leading to the activation of NF-jB, which is followed by the induction of inflammatory genes such as TNF-a, IL6, and IL1b. Cytokines are crucial elements required to create an effective immune response. Protein malnutrition affects the production of proinflammatory cytokines such as IL-1a, IL-1b, IL-6, IL-12, and TNF-a. 25, 28, 34, 35 Recent data showed that protein malnutrition is associated with decreased expression of Toll-like receptor 4 and TNF receptor-associated factor 6 (TRAF-6) as well as with NF-jB phosphorylation. The reduced expression of cell receptors and the decreased expression of NF-jB would, in part, explain the reduction in proinflammatory cytokine production that leads to the immune deficiency observed in protein-malnourished. 28, 34 Protein malnutrition is also capable of decreasing GM-CSF mRNA expression and GM-CSF production in macrophages that are unstimulated or stimulated with TNF-a. Considering the important role of GM-CSF in monocyte/macrophage development and in stimulating the immune response, these data show that a lack of protein in the diet can cause crucial disruptions in the immune system. 31 Tumor necrosis factor-a is one of the most important inflammatory mediators. This cytokine is produced by leukocytes and is pivotal in initiating inflammatory reactions. Tumor necrosis factor receptor I (TNF-RI), responsible for most of the effects of TNF-a, triggers a series of intracellular events that result in NF-jB activation. A low-protein diet decreases both TNF-RI protein expression and TNF-RI mRNA expression in macrophages, demonstrating that protein malnutrition affects the immune cells in a pleiotropic manner. 28 Lymphoid organs such as lymph nodes, the thymus, and the spleen are key to the development of lymphocytes and are sites of immune response. Protein malnutrition induces structural changes such as lymphoid organ atrophy, leading to an important increase in spontaneously apoptotic cells in the thymus and spleen. These alterations can result in impaired function of the immune system. 42, 69 Moreover, cytokine signaling induces the activation of various transcription factors such as the signal transducer and activator of transcription (STAT) family members, which are essential for cell differentiation, cell survival, and, importantly, immune response. The STAT proteins, like STAT-1 and STAT-3, have been proposed as key transcription factors in both immune and inflammatory responses. 37, 69 Cells obtained from the spleen of proteinmalnourished mice demonstrated decreased STAT-1 and increased STAT-3 tyrosine phosphorylation as well as increased production of IL-10. 37 The elevated expression of phosphorylated STAT-3 in splenic cells is correlated with the increased production of IL-10. Interleukin 10 is a multifunctional regulatory cytokine responsible for controlling the degree and duration of inflammation, exerting a vast range of effects in cells of the immune system. The inhibition of IL-10 may mediate cellular proliferation and the synthesis of proinflammatory cytokines. 36, 38, 69 The overproduction of IL-10 and the downregulation of proinflammatory cytokines have frequently been associated with the immunosuppression commonly found in protein-malnourished mice. Proteinmalnourished mice present higher expression of IL-10 mRNA and decreased expression of IL-12 mRNA in splenic cells. This suggests that protein malnutrition could establish a noninflammatory environment by regulating, rather than provoking, the immunological disintegration that is widely attributed to protein malnutrition. 36 This hypothesis was proposed by Mello et al 37 in 2014 and is supported by diverse data in the literature. 38, 70 It has long been known that protein malnutrition predisposes individuals to immune dysfunction, which can lead to increased susceptibility to infection, yet only recently has there been appreciable scientific effort to elucidate the mechanisms underlying the compromised immune response. To gain further understanding of the complex immune regulation in protein-malnourished mice, it will be crucial to assess whether nutritional interventions, such as refeeding, could reverse the damage to immune function caused by protein malnutrition, thereby restoring hematopoietic capacity and improving immune function. 70 
EFFECT OF PROTEIN MALNUTRITION ON ERYTHROPOIESIS
Erythropoiesis is the process of the formation of red blood cells. In adulthood, erythropoiesis occurs only in the bone marrow, creating a reservoir of red blood cells. 71 Protein-malnourished mice become anemic when their red blood cell count and hemoglobin concentration decrease. When compared with controls, these animals show lower production of granulocytemacrophage colony-forming units, erythroid colonyforming units, and erythroid burst-forming units and reduced expression of CD45, CD71, CD117, and CD119 in the bone marrow and spleen cells. 26 This anemia is normocytic and normochromic, and there is no decrease in erythropoietin, transferrin, serum iron, or total iron-binding capacity. Moreover, iron reserves in the bone marrow, liver, and spleen are higher in protein-malnourished animals, suggesting that anemia is caused not by iron or erythropoietin deficiency but by inefficient erythropoiesis. 26 As a result of the decrease in granulocyte-macrophage colony-forming units, erythroid burst-forming units, and erythroid colony-forming units, there is a reduction in erythroid progenitor cells, leading to reticulocytopenia.
A nonrandomized study evaluated 50 infants hospitalized with protein malnutrition (due to diverse etiologies) and showed that erythrocyte counts, mean corpuscular hemoglobin, and the reticulocyte index were significantly reduced, while median corpuscular fragility and the red blood cell distribution width were significantly increased. 40 Biochemical measures such as fasting blood glucose, serum folate, albumin, and total serum protein were significantly decreased. In contrast, total iron-binding capacity was significantly downregulated. Erythropoietin and serum ferritin were both increased. 40 The lack of studies on hematopoiesis precludes any progress in understanding the effects of protein malnutrition on erythrocyte production or function.
EFFECT OF PROTEIN MALNUTRITION ON CELL DEATH AND AUTOPHAGY
Programmed cell death (apoptosis and autophagy) is a type of death signaled by an intracellular program. Together, apoptosis and autophagy determine the final fate of cells. Apoptosis contributes to cell death, while autophagy may have a survival function. 72 Apoptosis is a regulated and conserved cell death mechanism characterized by nuclear condensation, DNA fragmentation, and cell contraction and plays an important role in the development of the organism and the maintenance of cellular homeostasis. Apoptosis can be triggered by mechanical, physical, or biological stimuli, including nutritional imbalances. 3 The cells of animals submitted to malnutrition with hypoxia show reduced cell viability along with decreased Bcl-2 protein expression or decreased apoptosis, all of which contributed to decreased collagen production. 72 Studies of protein malnutrition in humans demonstrate increased apoptosis in lymphocytes. All apoptotic indices were higher in patients with malnutrition than in controls and normalized after nutritional rehabilitation. 43 Lactating rats subjected to severe malnutrition may have increased dexamethasone-induced apoptosis in vivo in the thymus and spleen. 42 Pregnant rats subjected to protein malnutrition had restricted intrauterine growth associated with apoptosis. Therefore, with maternal malnutrition, there was a significant increase in apoptosis, with decreased expression of the antiapoptotic Bcl-2 protein and increased expression of the proapoptotic Bax and Bak proteins. 44 In addition, there was increased apoptosis and decreased expression of protein kinase C and Bcl-2 in peritoneal macrophages from protein-malnourished rats. 45 However, there was no increase in apoptosis in alveolar macrophages in response to Candida albicans in neonates whose mothers were subjected to dietary restriction. 46 Autophagy, another mechanism of cell death, is a catabolic process that has a function in prodeath and cell survival. It plays a role in maintaining the balance between the synthesis, degradation, and recycling of cellular components, thus playing a role in cellular growth, development, and homeostasis. 41 Autophagy can be activated in response to cellular stress, nutrient deprivation, reactive oxygen species, hypoxia, and endoplasmic reticulum stress. 73 When the nutrient supply becomes insufficient, autophagy is activated. A classic example of this process is seen in the mammalian liver, which degrades proteins by autophagy to produce amino acids for gluconeogenesis. However, even under conditions of sufficient nutrients, autophagy is necessary to allow cells to remove faulty cell structures. 74 Through autophagy, a pool of amino acids needed for synthesis of essential proteins is maintained. 75 Only a few studies have investigated malnutrition and autophagy. Mice lacking the genes involved in autophagy (Atg5 and Atg7) cannot survive for more than 12 hours after birth if they are subjected to nutrient deprivation. This is because decreased autophagic activation caused by this deficiency alters the central nervous system, resulting in the massive loss of neurons and subsequent neurodegeneration. 76 Autophagy is necessary to regulate the cell cycle in hematopoietic progenitor cells. Autophagic processes accelerate or reduce the cell cycle of hematopoietic progenitor cells according to nutrient status. In vivo, autophagy promotes entry of hematopoietic progenitor cells into the cell cycle by cyclin D3, but under lownutrient conditions, autophagy acts on transcription signals from the G1 to the S phase. 77 The literature shows that the type of stress, in combination with the intensity and duration of stress, may affect the method of cell death. 78 Cell death is initiated especially in tissues that are substantially compromised by a deficiency of multiple nutrients. Further studies of the mechanisms of cell death during hematopoiesis in models of malnutrition are needed to expand current knowledge about transplantation of hematopoietic stem cells.
CONCLUSION
The study of the effects of protein malnutrition on hematological processes is fundamental to the development of therapies to minimize the losses caused by protein deprivation, such as infections and anemia. Protein malnutrition may cause several hematological alterations: (1) a decrease in hematopoiesis caused indirectly by autophagic mechanisms or directly by reduced proliferation of hematopoietic stem cells; (2) changes in the extracellular matrix; or (3) changes in endosteal and/or vascular nodules. These changes impair erythropoiesis and leukopoiesis and hinder the production of proinflammatory cytokines, leading to compromised immune function. To gain greater understanding of the hematological changes caused by protein malnutrition, it is crucial to assess whether nutritional interventions such as refeeding can reverse the damage caused by protein malnutrition, restore the hematopoietic capacity, and improve immune function. In addition, studies of the mechanisms of cell death during hematopoiesis in models of protein malnutrition are needed to provide further insight into hematopoietic stem cell transplants.
Several recent advances have provided new knowledge about the effects of protein malnutrition on hematopoiesis. A more integrated view of the mechanisms disrupted or damaged by protein malnutrition would provide a broader understanding of the potentially harmful effects of protein deficiency on specific tissues and organs.
